Abstract: UN Sustainable Development Goal (SDG) 7 states that access to affordable, reliable, sustainable, and modern energy should be provided for all by 2030. Mozambique is one of the poorest countries on earth but has abundant supply of energy resources. The electrification rate, however, has been slow. Rural electrification is hampered by lack of basic infrastructure, institutional barriers, and low ability and willingness to pay for energy services. Thus, there is a general gap between electricity supply and demand. In view of this, the present paper investigates supply and demand of electricity for a typical rural case study area in Mozambique. We suggest a nexus approach to improve water, energy, and food security initiated at a local level. Households in the investigated case study area can be connected to a mini-grid hydropower system that allows for energy production to 80-200 households. To increase the economic profitability of the mini-grid hydropower system we suggest including small-scale industry. For the studied rural village, this would be constituted by a small-scale factory for milling of corn and other cereals. Electricity produced can thus be used for food processing but also for pumping water supply to households for domestic use and small-scale irrigated farming lots. The results indicate that the villagers have a real payment capacity of between 8 and 19 USD per MWh of generated hydropower. Benefits of rural electrification are direct. It contributes to improved living conditions for households and provides better nexus security and sustainable development within healthcare, education, and small-scale business development.
Introduction
Access to affordable, reliable, sustainable, and modern energy for all is one of the UN Sustainable Development Goals (SDGs) [1, 2] . In total, 1.3 billion people in the world are living without access to electricity and in a state of poverty. Approximately 85% of these people live in rural areas [3] . The present Mozambican population of about 30 million is rapidly increasing. According to the 2017 national census, at least 20 million people in the country live without access to electricity and in absolute poverty [4] . Approximately 60% live in rural areas and use biomass as the primary energy source for cooking and heating and kerosene for lighting. This creates health problems for the population and As indicated above, mainly large-scale hydropower projects have been realized in Mozambique. These have been prioritized due to the fact that consumers have primarily been industry and export. Other reasons include the lack of capacity to implement small-scale hydropower projects, the lack of clear process, the difficulties to involve private investors, and the lack of focus of the sector [10, 11] . Medium-sized hydropower plants can be defined as 10-100 MW. Research often defines renewable and sustainable hydropower as less than 10 MW plants because large reservoirs may imply negative environmental impacts [10] . Thus, to supply rural consumers with electricity in a sustainable manner, small-scale hydropower through off-grid or mini-grid solutions may be necessary. Off-grid systems such as small hydropower plants represent renewable solutions that can give cost-efficient power supply with positive developmental, social, health, and environmental performance as compared to traditional centralized power supply.
Biomass is the main source of energy use in Mozambique (78%). The second largest energy source consumed is hydropower (13%) followed by oil products (7%). The total electricity installed in the country in 2017 was about 2428 MW, the majority of this, ~95% stem from hydropower. As mentioned above, the main source of electricity is the HCB plant at Tete located in the Zambezi River Basin [10] . The access to electricity in Mozambique is ~27% with ~60% of the consumers living in cities and 40% in rural areas [12] . As indicated above, mainly large-scale hydropower projects have been realized in Mozambique. These have been prioritized due to the fact that consumers have primarily been industry and export. Other reasons include the lack of capacity to implement small-scale hydropower projects, the lack of clear process, the difficulties to involve private investors, and the lack of focus of the sector [10, 11] . Medium-sized hydropower plants can be defined as 10-100 MW. Research often defines renewable and sustainable hydropower as less than 10 MW plants because large reservoirs may imply negative environmental impacts [10] . Thus, to supply rural consumers with electricity in a sustainable manner, small-scale hydropower through off-grid or mini-grid solutions may be necessary. Off-grid systems such as small hydropower plants represent renewable solutions that can give cost-efficient power supply with positive developmental, social, health, and environmental performance as compared to traditional centralized power supply.
Biomass is the main source of energy use in Mozambique (78%). The second largest energy source consumed is hydropower (13%) followed by oil products (7%). The total electricity installed in the country in 2017 was about 2428 MW, the majority of this,~95% stem from hydropower. As mentioned above, the main source of electricity is the HCB plant at Tete located in the Zambezi River Basin [10] . The access to electricity in Mozambique is~27% with~60% of the consumers living in cities and 40% in rural areas [12] . The urbanization process in Mozambique is strong and further strengthened by the fact that rural economic development lags behind urban development. Hydropower energy has been identified as having a strong potential for catalyzing social change and supporting development, providing opportunities for a broad range of activities that can improve the economy and the quality of life for the rural population in particular.
The nexus approach for water-energy-food has been promoted as a tool for sustainable development [13, 14] . The framework for a nexus approach is integrated solutions to reduce future risk to resource scarcity. The approach is reasonable since increasing interconnectedness over sectors can increase overall resource use efficiency, and as well, contribute to the SDGs. The nexus approach has been developed and tested for several regional areas [15] [16] [17] . Studies on this approach for Mozambique, however, are almost completely lacking. A few studies provide results on larger scales such basin or general policy level [18, 19] . Thus, we suggest a bottom-up approach to capture local opportunities for sustainable development [20] . In view of this, the present paper investigates the potential energy demand of a typical remotely located rural area in Mozambique and how it can be supplied by off-grid small hydropower energy in order to be sustainable in a nexus approach. We are especially interested in developing a mini-grid hydropower system that is economically viable and affordable by the poor rural population and that can be combined with food production or processing. Such systems can be part of the solution to increase the access to electricity in rural areas in Mozambique and thereby combat poverty by supporting sustainable development. Thus, the objectives of the present study were to (1) to investigate how a bottom-up nexus approach can be applied to rural Mozambique, (2) explore possibilities for a diversion type mini-grid run-of-river hydropower plant in the nexus approach, and (3) examine economic drivers for an improved nexus approach.
Characteristics of Hydropower in Mozambique
Mozambique has considerable water resources and hydropower potential through thirteen major river basins. In the direction from south to north these are Maputo, Umbeluzi, Incomati, Limpopo, Save, Buzi, Pungwe, Zambezi, Licungo, Ligonha, Lúrio, Messalo, and Rovuma. Mozambique is a downstream country, sharing with other countries nine of the fifteen basins in the Southern African Development Community (SADC) region. Substantial river discharge with steep gradients provides a high potential for development of hydropower schemes of all types, from pico-and mini-to smalland large-scale hydropower plants.
The development of renewable energy in Mozambique dates back to the colonial period, when hydropower plants were developed to supply electricity to large urban cities such as Maputo, Beira, and Nampula and for selling energy to South Africa [21] . In 1950, the Mavuzi hydropower plant was established (456 GWh/year) and in 1960 the Chicamba hydropower plant was built (333 GWh/year) on the Revue River in Manica Province. These two hydropower plants are still generating electricity, mainly supplying Beira and Chimoio and industry in the central part of Mozambique. In 1975 the construction of the HCB was completed and in 1987 the Curumana hydropower plant on the Sabie River in Maputo started producing electricity with a capacity of 16 MW [22] .
The potential for hydropower in Mozambique has been estimated to 12-18,000 MW [5, [22] [23] [24] . More than 80% of this is located in the Zambezi River Basin. However, only~2200 MW have been developed in a manner providing access to the national grid ( Figure 2 ). In Figure 2 , all types of large power plants in Mozambique are presented, including thermal gas power (red), coal thermal power (black), and hydropower (blue). To meet the existing needs, the government of Mozambique has made rural electrification a major component of its development programs [25] . In addition, it has tried to liberalize the energy sector of the country to better accommodate the influx of direct foreign investments into hydroprojects.
The present grid system is in need of restoration [9, [23] [24] [25] [26] [27] [28] . The grid is constituted by three separate systems with no interconnection: a southern, a central, and a northern system [9] (Figure 2 ). The electricity supply is therefore often intermittent and large parts of the rural areas are not connected [29] . Approximately 25% vanish in general transmission losses. It is not likely that the national grid can be extended to cover most of the rural areas in a foreseeable future [30] .
The Mozambique government has set a number of broad policy objectives relating to the development and governance of the energy sector with a total investment of about 1.2 million USD [31] . It has also tried to support rural electrification through creating an enabling environment for the stakeholders involved [7] .
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Figure 3.
Hydropower potential and other forms of renewable energy in Mozambique. Source: own illustration with information from [7, 32] .
Materials and Methods

Area Description
The study area is located in the Chua Village along the Chua River, Mozambique. Chua is a small village with about 3000 inhabitants located in Maridza administrative post close to Manica City in the District and Province of Manica. Chua River Basin is located in the uppermost part of the Pungwe River Basin just at the border to Zimbabwe in the central western part of Mozambique (21°34-16°24 latitude S and 34°01-32°42 longitude W) [33, 34] (Figure 4 ). The average annual rainfall is ~1340 mm and runoff ~477 mm [33] . An experimental catchment was chosen so as to represent a typical small hilly rural basin close to the Chua Village. The selected basin is a hilly branch of the Chua River covering about 9.6 km 2 . The surface use is mixed grazed areas with groves along the river. A few homesteads are included in the catchment area. Typically, families live at homesteads quite remote from each other. The main economic income is from agriculture, livestock, and artisanal gold mining. Chua area has previous experience of donor-assisted small-scale hydropower [35] . Deutsche Gesellschaft für Internationale Zusammenarbeit (GIZ) is active in the area for capacity building, technical, and economic assistance. Existing micro-hydropower plants are often privately owned while grid systems are usually owned by communities [35] .
The area of Manica District is ~4391 km 2 and it has a population of ~215,300 inhabitants, with a density of 49 inhabitants/km². The Manica Province covers 61,661 km 2 (7.7% of Mozambique) and borders the Tete Province to the north, by the Luenha and the Zambezi Rivers, the Provinces of Gaza and Inhambane to the south, by the Save River, Sofala to the east, and the Republic of Zimbabwe to the west. The climate is tropical and modified by altitude with a tendency of hot and humid weather. The rainy season is from September to March and the dry season from April to August. The average summer temperature is ~20 °C, occurring most of the time in about half of the province. The warmest temperatures (~25 °C) occur in the Save and the Zambezi Valleys. The coolest temperatures (15 to 20 °C) occur in the districts of Gondola, Manica, Mossurize, Báruè, and in the mountainous western parts. Average annual rainfall is about 1400 mm. In drier regions, the annual rainfall is up to 700 mm and can reach 1800 mm in the interior highlands [34] . The mountains are located mainly in the far west, at an altitude of more than 1000 m, near the border to Zimbabwe. This area has the highest altitudes up to 2436 m (Mount Binga).
The renewable energy potential in Manica Province has been estimated to 1941 MW from hydropower, 25 MW from solar, and 187 MW from biomass [7] . The region is well-suited for smallscale hydropower. Main rivers run from west to east, following the topography. Manica Province includes the following watersheds and hydropower plants (Figures 4 and 5) [25, 26, 32, 36] . 
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The area of Manica District is~4391 km 2 and it has a population of~215,300 inhabitants, with a density of 49 inhabitants/km 2 . The Manica Province covers 61,661 km 2 (7.7% of Mozambique) and borders the Tete Province to the north, by the Luenha and the Zambezi Rivers, the Provinces of Gaza and Inhambane to the south, by the Save River, Sofala to the east, and the Republic of Zimbabwe to the west. The climate is tropical and modified by altitude with a tendency of hot and humid weather. The rainy season is from September to March and the dry season from April to August. The average summer temperature is~20 • C, occurring most of the time in about half of the province. The warmest temperatures (~25 • C) occur in the Save and the Zambezi Valleys. The coolest temperatures (15 to 20 • C) occur in the districts of Gondola, Manica, Mossurize, Báruè, and in the mountainous western parts. Average annual rainfall is about 1400 mm. In drier regions, the annual rainfall is up to 700 mm and can reach 1800 mm in the interior highlands [34] . The mountains are located mainly in the far west, at an altitude of more than 1000 m, near the border to Zimbabwe. This area has the highest altitudes up to 2436 m (Mount Binga).
The renewable energy potential in Manica Province has been estimated to 1941 MW from hydropower, 25 MW from solar, and 187 MW from biomass [7] . The region is well-suited for small-scale hydropower. Main rivers run from west to east, following the topography. Manica Province includes the following watersheds and hydropower plants ( Figures 4 and 5) [25, 26, 32, 36] .
Zambezi River Basin, in the far north, with the rivers Luenha, Nhamakombe, and Pompue as main tributaries. Pungwe River Basin, in the central region, has Nhazonia and Vanduzi rivers as main tributaries. Búzi Basin that consists of Búzi, Revué, and Lucite Rivers. Save Basin in the extreme south, which has as main tributaries the Save, Vumaúzi, and Súrué Rivers. Western Manica Province has many rivers and streams with perennial flow and suitable conditions for construction of micro-hydropower plants. Several locations for implementation of potential small hydropower projects have thus been identified such as Honde, Bárue District, Rotanda, and Sussundenga District [34] . The total power potential of these projects is ~2000 kW. One area with a high potential for hydropower production is the Chua region along the Chua River, which has been partly exploited already, through the construction of five small hydropower plants. These have a total power of 1200 kW and an annual electricity production of 10,500 MWh [37] .
Due to the abundance of water resources, Manica Province has good agricultural potential. More than 90% of its ~2.4 million people are engaged in subsistence agriculture (2017) [4] . The area has a high poverty level, however, and the population suffers from recurrent high degrees of malnutrition. Staple food crops are rainfed maize, sorghum, pulses, and groundnuts. Access to electricity in agriculture is almost nonexistent. The province was severely affected by the 16 year civil war that ended in 1992. More or less all social and economic infrastructure was destroyed and this is still gradually being rebuilt [34] . Health and medical service is scarce and of poor quality. Access to education is unsatisfactory, especially for girls. The literacy level is ~56%. Approximately 77% of the Chua Village Western Manica Province has many rivers and streams with perennial flow and suitable conditions for construction of micro-hydropower plants. Several locations for implementation of potential small hydropower projects have thus been identified such as Honde, Bárue District, Rotanda, and Sussundenga District [34] . The total power potential of these projects is~2000 kW. One area with a high potential for hydropower production is the Chua region along the Chua River, which has been partly exploited already, through the construction of five small hydropower plants. These have a total power of 1200 kW and an annual electricity production of 10,500 MWh [37] .
Due to the abundance of water resources, Manica Province has good agricultural potential. More than 90% of its~2.4 million people are engaged in subsistence agriculture (2017) [4] . The area has a high poverty level, however, and the population suffers from recurrent high degrees of malnutrition. Staple food crops are rainfed maize, sorghum, pulses, and groundnuts. Access to electricity in agriculture is almost nonexistent. The province was severely affected by the 16 year civil war that ended in 1992. More or less all social and economic infrastructure was destroyed and this is still gradually being rebuilt [34] . Health and medical service is scarce and of poor quality. Access to education is unsatisfactory, especially for girls. The literacy level is~56%. Approximately 77% of the area are covered by forest and forest resources plus charcoal constitute 80-90% of the energy consumed [4] . The electrification level is~8% in Manica [12] .
Appoximately 51% of the Chua Village population are illiterate, men are often more illiterate due to that women are more involved in economic and social activities [38, 39] . Chua Village covers two valleys and surrounding mountains. Households are generally located at far distance from each other. Average household size is 5.5 persons [39] . Approximately 74% had access to radio, 25% television set, and 30% mobile phone in 2003 although without grid connection [38] . Electricity access is often done by solar panels, car batteries, or diesel generators. Approximately 25% suffer from malaria and 20% from respiratory diseases. On average 15% of the villagers use solar panels and car batteries as power for radios and some even for television. This is an indication of already existing demand for electricity. In a study from 2007 [40] , most of the villagers (75%) stated willingness to pay for the electricity. However, they were reluctant to express what amount of their disposable income that they could use for these additional expenses.
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Methods
Data and information collection were performed during study visits to Manica and Chua Village during July 2015 and June 2016. Data scarcity and lack of information are general problems in Mozambique. A law to provide free access to information was approved in 2014 (Law on freedom of information) [41] . Thus, to some extent, the data and information used in the present paper could be collected from official documents. Initial literature surveys and qualitative document analyses [42] were combined with semistructured interviews [43] in Chua Village during the study visits. Literature surveys and document analyses gave important insights on national electrification policies of Mozambique that could be compared to at-site conditions and interview results with local power plant managers and consumers in Chua Village and Manica District. Deeper literature surveys on sustainability gave input to the methodology that was used to understand relationships between electrification and sustainability goals [44] [45] [46] [47] [48] . Figure 6 shows the methodological framework for this study. Other studies have previously indicated that future hydropower development in Mozambique needs to be nexus-oriented [18] . However, to the best of our knowledge, this has previously not been shown for Mozambique using a bottom-up approach. We see the economic drivers for sustainable development of rural electrification as especially important. Since the rural population is very poor, the willingness to pay for energy services is low. Thus, also other incentives for financing small-scale hydropower have to be considered. At the same time, hydropower development and the use of water are intrinsically linked to water supply and food production. Figure 5. Location of sites for hydropower plants and surface use. Source: own illustration with information from [25, 26, 32, 36] . (a) Manica Disctricts and location of major hydropower plants (b) Main surface use.
Data and information collection were performed during study visits to Manica and Chua Village during July 2015 and June 2016. Data scarcity and lack of information are general problems in Mozambique. A law to provide free access to information was approved in 2014 (Law on freedom of information) [41] . Thus, to some extent, the data and information used in the present paper could be collected from official documents. Initial literature surveys and qualitative document analyses [42] were combined with semistructured interviews [43] in Chua Village during the study visits. Literature surveys and document analyses gave important insights on national electrification policies of Mozambique that could be compared to at-site conditions and interview results with local power plant managers and consumers in Chua Village and Manica District. Deeper literature surveys on sustainability gave input to the methodology that was used to understand relationships between electrification and sustainability goals [44] [45] [46] [47] [48] . Figure 6 shows the methodological framework for this study. Other studies have previously indicated that future hydropower development in Mozambique needs to be nexus-oriented [18] . However, to the best of our knowledge, this has previously not been shown for Mozambique using a bottom-up approach. We see the economic drivers for sustainable development of rural electrification as especially important. Since the rural population is very poor, the willingness to pay for energy services is low. Thus, also other incentives for financing small-scale hydropower have to be considered. At the same time, hydropower development and the use of water are intrinsically linked to water supply and food production. A key investigation objective was to analyze local needs of electricity to match possible supply. In general, the research focused on five key demand groups namely, households, small business, public infrastructure, small industries, and leisure time activities. For households, in total 50 face-toface interviews with mixed electrified/nonelectrified household representatives were conducted in effort to understand how much hydropower is appropriate for the population in the investigated area. It was especially important to elucidate the major needs of electricity in the community. The village head was interviewed in order to get an overview of total needs of the village. Interview results were recorded using handwritten notes taken during the interviews and supplemented by additional notes just after the interview events. A checklist was used to find answers concerning household structure and basic needs of electricity such as how they light their houses, their health, water use, and washing, refrigerator, cooking requirements, leisure activities, and appliances uses.
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Economic drivers A key investigation objective was to analyze local needs of electricity to match possible supply. In general, the research focused on five key demand groups namely, households, small business, public infrastructure, small industries, and leisure time activities. For households, in total 50 face-to-face interviews with mixed electrified/nonelectrified household representatives were conducted in effort to understand how much hydropower is appropriate for the population in the investigated area. It was especially important to elucidate the major needs of electricity in the community. The village head was interviewed in order to get an overview of total needs of the village. Interview results were recorded using handwritten notes taken during the interviews and supplemented by additional notes just after the interview events. A checklist was used to find answers concerning household structure and basic needs of electricity such as how they light their houses, their health, water use, and washing, refrigerator, cooking requirements, leisure activities, and appliances uses. Questions were also asked regarding views on public lighting, local hospital use, as well as village administration, primary school conditions, and ideas on business opportunities.
Five hydropower operators in Manica District were interviewed during the study visits. During each interview, questions were asked to elucidate institutional and organizational conditions, economic aspects, environmental conditions, and sociocultural features. Study visits and interviews were also made with key professionals such as the GIZ offices in Chimoio, the capital of Manica. GIZ finances projects concerning renewable hydropower energy produced in this region of Mozambique. Special interviews were made with the plant manager at the Chua Power Plant regarding the use of hydropower for milling purposes. Other institutions that provided us with information were EDM (Electricidade de Moçambique), UNIDO (United Nations Industrial Development Organization), Ministry of Energy of Mozambique, and FUNAE (Fundo de Energia).
The objective of the fieldwork was also to visit possible locations for a diversion type mini-grid run-of-river hydropower plant, collect data on topography and discharge, and analyze connection possibilities to the Chua Village. The general layout of a run-of-river hydropower plant system is shown in Figure 7 . The layout consists of a dam, a penstock, a powerhouse, an electric power station, and a distribution line connecting to the users. In general, the detailed layout needs to be adapted to each specific case. However, a run-of-the-river layout is generally applicable to mini-and micro-hydropower plants. Storage reservoirs are not commonly used in connection to these. However, it is important that small hydropower systems can supply several houses with electricity and possibly also can contribute to balance larger grids.
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Results and Discussion
In the late 1990s, when peace came to Mozambique, a decade of marked development in the Chua area began. The German organization GIZ modernized parts of a system employed for milling corn. A hybrid system was developed for producing electricity to approximately 50 families, and a school and a hospital were built. Today, the area has five small hydropower plants, including the Tomás Wiston Ngurai plant that supplies 36 houses; the Gimy Pondo plant supplying 30 houses, as well as a hospital, twenty small shops, and four public lighting posts; and the Stephen Benjamim Mucheca plant supplying 30 houses, a school, a hospital, fifteen small shops, and four streetlights. Nevertheless, only a small portion of the Chua Village population is yet supplied by electricity. To motivate the societal buy-in to reach the SGD goal of 100% electrification by 2030, the demand for and use of electricity must be increased. At present, there is a marked difference between the 
In the late 1990s, when peace came to Mozambique, a decade of marked development in the Chua area began. The German organization GIZ modernized parts of a system employed for milling corn. A hybrid system was developed for producing electricity to approximately 50 families, and a school and a hospital were built. Today, the area has five small hydropower plants, including the Tomás Wiston Ngurai plant that supplies 36 houses; the Gimy Pondo plant supplying 30 houses, as well as a hospital, twenty small shops, and four public lighting posts; and the Stephen Benjamim Mucheca plant supplying 30 houses, a school, a hospital, fifteen small shops, and four streetlights. Nevertheless, only a small portion of the Chua Village population is yet supplied by electricity. To motivate the societal buy-in to reach the SGD goal of 100% electrification by 2030, the demand for and use of electricity must be increased. At present, there is a marked difference between the production and the consumption of electricity. Mozambique produces large amounts of hydropower and has several hydropower projects underway besides the Mphanda Nkuwa such as the North Bank project (1245 MW), the Lupata project (600 MW), the Boroma project with a capacity of 200 MW, and the Lurio project (120 MW) [24] . A major part of this is, however, destined for export.
To contribute meaningfully to the electrification ambitions of 2030, two important prerequisites need to be fulfilled. The first is to work with the local population so as to engage these in the ambitions. Careful mapping of the local needs is very important. The second concerns the cost and ability of the locals to pay connection and operation fees. Figure 8 shows a comparison between the capacity of existing major hydropower plants in Mozambique and the cost per MW [7, 26] . The largest plant is obviously constituted by the HCB. Even though there is no simple relationship between size and cost, several of the smaller hydropower plants have similar low cost as the large HCB plant. It is thus reasonable to expect that larger hydropower plants would be more economical due to higher efficiency at large-scale vs. small-scale [51] . A further advantage of large-scale vs. small-scale hydropower systems is that large-scale systems can efficiently store energy and thus, they are more resilient against both climate variation and climate change. production and the consumption of electricity. Mozambique produces large amounts of hydropower and has several hydropower projects underway besides the Mphanda Nkuwa such as the North Bank project (1245 MW), the Lupata project (600 MW), the Boroma project with a capacity of 200 MW, and the Lurio project (120 MW) [24] . A major part of this is, however, destined for export.
To contribute meaningfully to the electrification ambitions of 2030, two important prerequisites need to be fulfilled. The first is to work with the local population so as to engage these in the ambitions. Careful mapping of the local needs is very important. The second concerns the cost and ability of the locals to pay connection and operation fees. Figure 8 shows a comparison between the capacity of existing major hydropower plants in Mozambique and the cost per MW [7, 26] . The largest plant is obviously constituted by the HCB. Even though there is no simple relationship between size and cost, several of the smaller hydropower plants have similar low cost as the large HCB plant. It is thus reasonable to expect that larger hydropower plants would be more economical due to higher efficiency at large-scale vs. small-scale [51] . A further advantage of large-scale vs. small-scale hydropower systems is that large-scale systems can efficiently store energy and thus, they are more resilient against both climate variation and climate change. [7, 26] .
In general, the investment cost for small-scale hydropower in Mozambique has been estimated to ~570 USD/MWh while for large hydropower plants ~230 USD/MWh [7] . Regarding the possibility of investing in wind energy, most of the projects of this kind identified by FUNAE have an investment cost of between 50 and 100 USD/MWh, whereas the solar energy facilities have an investment cost of ~100 to 150 USD/MWh [7, 32] . The investment cost of biomass-fueled plants in Mozambique is ~100 USD/MWh [7] . The production cost of electricity in a hydropower plant can be rather low as compared to other forms of renewable energy, partly due to that the fuel involved is freely available water supplied by sun energy. The cost of electricity that is generated by large-scale hydropower ranges from 20 to 190 USD/MWh [52] . Table 1 presents potential small hydropower plants that have been identified in Manica Province [4] in collaboration with GIZ. With the objective of promoting rural electrification through providing renewable energy to reduce dependence upon fossil fuel consumption and of reduce poverty, GIZ has developed a program for financing small hydropower plants in Manica [7, 26] .
In general, the investment cost for small-scale hydropower in Mozambique has been estimated tõ 570 USD/MWh while for large hydropower plants~230 USD/MWh [7] . Regarding the possibility of investing in wind energy, most of the projects of this kind identified by FUNAE have an investment cost of between 50 and 100 USD/MWh, whereas the solar energy facilities have an investment cost of~100 to 150 USD/MWh [7, 32] . The investment cost of biomass-fueled plants in Mozambique is 100 USD/MWh [7] . The production cost of electricity in a hydropower plant can be rather low as compared to other forms of renewable energy, partly due to that the fuel involved is freely available water supplied by sun energy. The cost of electricity that is generated by large-scale hydropower ranges from 20 to 190 USD/MWh [52] . Table 1 presents potential small hydropower plants that have been identified in Manica Province [4] in collaboration with GIZ. With the objective of promoting rural electrification through providing renewable energy to reduce dependence upon fossil fuel consumption and of reduce poverty, GIZ has developed a program for financing small hydropower plants in Manica. Thus, GIZ helps the government of Mozambique to carry out the rural electrification program. Without this program, Manica would experience many difficulties in electrification since people are living scattered throughout the rural area under low income conditions. Most of the identified locations for small hydropower plants represent power supply of 8 to 60 kW. Most of these are probably well-suited for diversion type run-of-river small hydropower plants. However, many of them are expected to be even simpler type of generators that the villagers are assumed to partly build and maintain themselves with a small monetary compensation and technical help from GIZ.
The interviews in Chua Village identified potential consumers of electricity according to Table 2 . In general, interviewed people with access to electricity were quite unanimous in their belief that electricity had done much to change their lives for the better. Examples were given such as the creation of many small businesses and possibilities to communicate with distant family members. The rural household representatives were happy to have electricity for lighting their homes, watching television, listening to radio, and for different leisure activities, as well as for cooking and making life in general easier. According to the village head,~520 households are in need of electricity. Other important public infrastructure is a hospital, a primary school, and a church. Besides these, there are four small shops, one administrative office, two grain mills, and two bars. According to the village head, besides households, prioritizing the hospital, primary school, and church is important. The shops, administrative office, grain mills, and bars have electricity access through sun panels and batteries or diesel generators. One of the grain mills is an old hybrid type used for both electricity generation and grain milling. The electricity use that the households most often stated was lighting, ironing, television/radio, and mobile phones. Occasionally refrigeration was mentioned. For most villagers, however, a refrigerator implies a too high investment and energy consumption. For the hospital, primary school, and church, lighting was the first choice. Hospital representatives mentioned sterilization as an important use of electricity. Identified needs for each person in Chua Village households would approximately correspond to 3.0 kWh/day or 1100 kWh per capita and year. Assuming that each household consists of 5.5 persons, Chua Village total needs would correspond to~3100 MWh (Table 3) . The communal needs for the hospital, primary school, and church, would be added to this figure (75 MWh/year). Thus, total needs would correspond to 3175 MWh/year (Table 3) .
In general, the stated needs for electricity are more than twice the average consumption of electricity in Manica Province (1100 as compared to 453 kWh per capita and year) [53] . Using the lower figure for the total needs corresponds to~1300 MWh per year for the Chua Village (Table 3) . Thus, stated needs appear to be much larger than existing average use. This would also mean that needs are real and exceeding supply. After adding communal needs, the total would add up to about 1375 MWh/year (Table 3) . In total, about one year of discharge records exist for the Chua River close to the village. The average discharge during the one-year observation period was~0.15 m 3 /s. The head for the potential diversion type run-of-river small hydropower plant was identified as~50 m. This would yield an output power of~60 kW (~80% efficiency) [49, 50, 52] . Consequently, a turbine would give a possible energy of~500 MWh per year. In turn, this would imply that~80 households could be supplied by energy for the documented need of 3100 MWh per year. On the other hand, if the lower rate of needs (average for Manica Province as a whole) equal to 1300 MWh per year is accepted, this would mean that about 200 households could be supplied by electricity. The payment capacity of poor rural villagers in Mozambique has been estimated in several studies. Rural households without access to electricity have been estimated to potentially be willing to spend about 50 USD annually (out of 300 USD annual income) on substitute products like kerosene and batteries [18, 54] . Another study estimated the willingness of 93% of rural households to spend 48 USD per year on electricity [40] . Since both results are fairly close,~50 USD per household and year appear to be realistic. Thus, the payment capacity for households would correspond to 8 and 19 USD/MWh for the two cases in Table 3 . It is interesting to note that the payment capacity in Table 3 (assumed average of 453 kWh per capita and year) is close to the lower limit of cost for generated large-scale hydropower as discussed above (20 USD/MWh). Thus, it appears that there are real economic incentives to supply rural Manica with hydropower. To further improve economy, small-scale hydropower schemes can be planned to be connected to small-scale business initiatives to further promote profitability. An example of this is shown below.
The above case study example shows that the investigated diversion type run-of-river small hydropower plant (500 MWh per year) is not enough for the total needs of Chua Village. The supply from the plant would give energy for 80-200 of totally 520 existing households. Including all electricity needs according to Table 3 , the village would need 2 to 5 more similar-sized plants to fulfill all energy needs. The example shows the inherent difficulties involved in supplying remote rural areas in Mozambique with electricity. However, the example also indicates that the villagers have a real payment capacity of between 8 and 19 USD per MWh and year. Adding capacity for pumping surface or groundwater for domestic use or irrigated agriculture would further add to the above electricity needs. Thus, it is important that each small-scale hydropower project identifies local needs and economic drivers such as payment capacity and possibilities for connecting local small-scale business. Figure 9a shows the return flow to the river from the powerhouse for one of the existing electricity generators in the area. The generator is a diversion type run-of-river small hydropower plant that gives~12 kW for an average flow of~0.08 m 3 /s. The powerhouse contains a Pelton turbine, transformer, generator, and milling equipment. This is a typical hybrid system used for grinding grain. The turbine receives water from a small reservoir through a penstock and then leaves the powerhouse through a draft tube back to the river. The head is~75 m and the turbine gives electricity to~130 households. The mill and turbine are part of a small-scale business that generates return to private investors. In a similar manner, to increase the economic profitability of the above suggested mini-grid hydropower system small-scale industry would need to be included. For the studied Chua Village, this would preferable be constituted by a small-scale factory for milling of corn and other cereals. Rural electrification in Mozambique would therefore also be part of the important water-food-energy nexus. This means that rural water management in a sustainable manner would contribute to energy, food production, and processing.
Mozambique's electrification challenges are common to many sub-Saharan countries [18] . The situation for Mozambique, however, is unique in that it has huge hydropower resources that can be commonly developed between many sub-Saharan countries. The challenges include developing new infrastructure, develop institutional framework, and increase ability to pay for energy. The solution is complex and scale-dependent. At the largest scale, national grids need to connect regions across country borders to support large-scale economic development [18] . This is likely only realizable in the longer time scale. Developing an institutional framework for small-scale power allowing for increasing willingness pay for energy services is a goal that probably can be reached in the short-term. A nexus approach founded at the local scale also involves economic drivers and security by connecting small-scale hydropower to local industrial enterprises. Access to electricity will spur improved water supply that can improve health and food production. There are, however, also environmental challenges. Figure 9b shows an example of sediment transport in a nearby small river as a result of upstream deforestation and artisanal gold mining. Small-scale gold mining gives households an important extra income to the subsistence agriculture. However, this also leads to destroying the natural forest, serious erosion problems, and siltation in downstream reservoirs. Due to inappropriate use of mercury in the gold amalgamation process, serious pollution problems occur both in soil and downstream water [55] . It is thus important that authorities and environmental organizations set up a framework for small-scale gold mining. and economic drivers such as payment capacity and possibilities for connecting local small-scale business. Figure 9a shows the return flow to the river from the powerhouse for one of the existing electricity generators in the area. The generator is a diversion type run-of-river small hydropower plant that gives ~12 kW for an average flow of ~0.08 m 3 /s. The powerhouse contains a Pelton turbine, transformer, generator, and milling equipment. This is a typical hybrid system used for grinding grain. The turbine receives water from a small reservoir through a penstock and then leaves the powerhouse through a draft tube back to the river. The head is ~75 m and the turbine gives electricity to ~130 households. The mill and turbine are part of a small-scale business that generates return to private investors. In a similar manner, to increase the economic profitability of the above suggested mini-grid hydropower system small-scale industry would need to be included. For the studied Chua Village, this would preferable be constituted by a small-scale factory for milling of corn and other cereals. Rural electrification in Mozambique would therefore also be part of the important waterfood-energy nexus. This means that rural water management in a sustainable manner would contribute to energy, food production, and processing.
Mozambique's electrification challenges are common to many sub-Saharan countries [18] . The situation for Mozambique, however, is unique in that it has huge hydropower resources that can be commonly developed between many sub-Saharan countries. The challenges include developing new infrastructure, develop institutional framework, and increase ability to pay for energy. The solution is complex and scale-dependent. At the largest scale, national grids need to connect regions across country borders to support large-scale economic development [18] . This is likely only realizable in the longer time scale. Developing an institutional framework for small-scale power allowing for increasing willingness pay for energy services is a goal that probably can be reached in the shortterm. A nexus approach founded at the local scale also involves economic drivers and security by connecting small-scale hydropower to local industrial enterprises. Access to electricity will spur improved water supply that can improve health and food production. There are, however, also environmental challenges. Figure 9b shows an example of sediment transport in a nearby small river as a result of upstream deforestation and artisanal gold mining. Small-scale gold mining gives households an important extra income to the subsistence agriculture. However, this also leads to destroying the natural forest, serious erosion problems, and siltation in downstream reservoirs. Due to inappropriate use of mercury in the gold amalgamation process, serious pollution problems occur both in soil and downstream water [55] . It is thus important that authorities and environmental organizations set up a framework for small-scale gold mining. Small-scale hydropower presents some general advantages over other renewables such as solar power for rural Mozambique at locations like Chua Village. Total solar power use is at present very small but growing steadily in rural areas due to general affordability, ease of use, and simple installment [56] . Solar power systems, however, contain hazardous constituents and batteries such as, e.g., heavy metals [57] . There is no system or infrastructure for reuse or collection of old batteries and other parts of used solar panels in rural areas of Mozambique. Consequently, especially regarding the rather short lifespan of solar panel systems, used parts and old batteries are likely to end up in the general waste deposits of the rural villages. Solar panels are as well accessible for theft. Small-scale hydropower is a simple and well-proven technique with simple parts. Faulty or worn parts can often be manufactured or repaired by the village smith or other handy villagers. Since there is a long tradition to use small-scale hydropower in many rural areas in Mozambique, rural villagers often have a good understanding of how to plan, build, and maintain small hydropower plants. Small-scale hydropower, as it is used in hilly areas of rural Mozambique, has a greater net capacity (ratio of actual electrical energy output to maximum possible electrical energy output over time) than, e.g., solar power. In general, hydropower also represents greater efficiency as compared to solar power. Due to that small streams in rural Manica hilly areas often drain groundwater (or springs); the seasonal variation in flow may be rather small due to that a large part of the discharge is base flow that gives a rather stable mean discharge rate.
On the one hand, small-scale hydropower requires a larger investment cost and available capital compared to family-based solar panel systems. On the other hand, small-scale private businesses may be benefit from investing in hydropower and enjoy a stable economic return. Additionally, small-scale hydropower, linking a group of households together in a mini-grid system, may improve the socioeconomic cohesion of the scattered rural homesteads. Climate change is likely to affect the future river flow by less annual rainfall, increasing interannual variability, and smaller dry season river flow [58] . In this context, small-scale hydropower is more vulnerable and less resilient as compared to large-scale hydropower and other renewables. In view of this, it would be better to have a national mix of renewable energy sources for a greater resilience against climate variation and climate change.
Achieving sustainable development of rural areas in Mozambique requires electrification. Access to clean and affordable electricity is crucial to improve standard of living in Manica as well as the country as a whole. However, many studies have pointed out, there are no obvious links between rural electrification and sustainable development [56] . An evident requirement for a successful implementation must always be strong individual, community participation, and engagement. The partial electrification of Manica has clearly improved living conditions, resulting in~300 electrified schools and hospitals. Access to electricity has improved educational facilities and made teaching and studying possible during dark hours. In Manica, the National Energy Fund (FUNAE) has concentrated on photovoltaic (PV) systems in schools, teachers' homes, hospitals and hospital workers' homes, and public sector services as well as providing pumps for drinking water. Rural electrification also generates improved environment, health, and safety conditions that will particularly benefit women and children [5] .
The electrification of rural Mozambique is a scale and institutional problem. At a larger national scale, the Electricidade de Mocambique (EDM) works to extend the on-grid systems mainly for urban areas. Mini-grid systems located in rural areas are planned and supplied by FUNAE. Thus, the FUNAE supplements EDM by endorsing rural electrification where EDM does not provide service by the national grid due to too high costs. Additionally, off-grid systems using PV solar home systems are supplied by FUNAE [56] . At the smallest scale, GIZ and other donors efficiently support micro-grids and individual initiatives [35] . FUNAE uses a centralized approach emphasizing rural institutions rather than rural dwellers. Thus, there is a gap between the national SDGs and the needs of poor rural individuals. Fostering local ownership, capacity building, and stakeholder empowerment need further improvement [35] . Thus, barriers to small-scale hydropower development are lacking a framework to support small and independent power producers. Further, both public and private funding to promote lending to small-scale hydroprojects would be needed. Finally, a simpler approach for environmental impact assessment for small run-of-river hydro plants is warranted [35, 59] .
Conclusions
UN SDG 7 implies that all citizens should have access to affordable, reliable, sustainable, and modern energy by 2030. It is not likely, however, that Mozambique will reach this goal. Mozambique is a very poor country that has abundant energy supply and even if rural electrification is on its way, the progress has been somewhat sluggish. Even so, for areas that have been electrified, the effects on socioeconomic development stand out, such as educational benefits, income improvement, and health progress [56] .
We investigated local needs of electricity in Chua Village in rural Mozambique. We found that part of these needs can be supplied by a new diversion type run-of-river small hydropower plant that can be connected to a mini-grid system. Up to~200 of the 520 village households can benefit by electricity from this system. By combining the generator with a milling system for grains or other small-scale enterprise, the produced energy can generate a further small income for the owner such as individuals or community. A simple medium to high head (10-50 m) microturbine type (e.g., Pelton or Turgo) [50] can often be maintained and repaired by handy villagers or the village smith. This setup would be a contribution to the sustainable water management as well as an important part of a sustainable and resilient water-food-energy nexus.
For this reason, we suggest a bottom-up nexus approach to improve water, energy, and food security initiated at a local level. Households in the investigated case study area can be connected to a mini-grid hydropower system that can allow for energy production to 80-200 households. To increase the economic profitability of the mini-grid hydropower system we suggest including small-scale industry. For the studied rural village, this would be constituted by a small-scale factory for milling of corn and other cereals. Electricity produced can thus be used for food processing but also for pumping water supply to households for domestic use and small-scale irrigated farming lots. The results indicate that the villagers have a real payment capacity of between 8 and 19 USD per household and MWh. The payment capacity of villagers together with small-scale business initiatives presents an important economic local driver and business model for new small-scale hydropower plants.
We believe that the presented bottom-up nexus approach to improve water, energy, and food security initiated at a local level can be scaled up to other areas in Manica according to Table 1 and other provinces with similar characteristics regarding hydrology and topography. Manica Province is unique in the sense that it contains large hydropower resources. However, small-scale hydropower does not need large river flow as exemplified in this paper. Small rivers with suitable topography can be used to develop rural electrification, preferably in a bottom-up nexus approach with relevant economic drivers. In a longer term, rural development in a nexus approach may improve the economic conditions and as well improve environment by less needs for artisanal gold mining.
We argue that small-scale hydropower has advantages as compared to other renewables such as solar power systems. Small-scale hydropower is clean and renewable energy. The Chua villagers have previous experience in developing and maintaining small-scale hydropower. Authorities and donors can supply capacity building regarding efficiency and technical improvements along with small-scale economic incentives. It is important to build on local stakeholders' needs and individual motivations. Small-scale hydropower, however, is probably more sensitive to climate change. Thus, it is important to build the country's total energy production with a variety of resilient renewables, large-scale as well as small-scale.
We identified a number of ways to speed up the rural electrification in Mozambique. We believe that efficient rural electrification has to consider scale and institutional strengthening. The German organization GIZ has long experience of working at the local scale with rural poor, to efficiently support micro-grids and individual initiatives. There appears to be a lacking national framework, however, to support small and independent power producers. Strengthening this framework by loan possibilities, technical support, and a simpler approach to obtain consent from authorities would be needed.
